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Jointly Optimized 3D Drone Mounted Base Station
Deployment and User Association in Drone
Assisted Mobile Access Networks

Xiang Sun“, Member; IEEE, Nirwan Ansari

Abstract—In drone assisted mobile networks, a drone mounted
base station (DBS) is deployed over a hotspot area to help user
equipments (UEs) download their traffic from the macro base sta-
tion (MBS), thus improving the throughput and spectrum efficiency
(SE) of the UEs. Finding the optimal 3D position of the DBS to
maximize the overall SE of the UEs in the hotspot area is challenging
because the 3D DBS placement and user association problems are
coupled together. In this paper, we formulate the problem of jointly
optimizing the 3D DBS placement and user association to maximize
the overall SE in the context of drone assisted mobile networks.
The spectrum efficiency aware DBS placement and user association
(STAR) algorithm is designed to decompose the original problem
into two subproblems, i.e., user association and DBS placement,
and to iteratively solve the two subproblems until the overall SE of
the hotspot area cannot be improved further. The performance of
STAR is demonstrated via extensive simulations.

Index Terms—Drone base station, spectral efficiency, user
association, deployment, drone assisted mobile networks.

1. INTRODUCTION

WING to quick and flexible deployment, drones have

been widely used in various applications, such as pub-
lic safety [1], disaster relief [2]-[7], content caching [8], and
location-based services [9]. In drone assisted mobile access
networks, a drone mounted base station (DBS) can be deployed
over a hotspot area, which may appear sporadically, to speed up
the content delivery rate of users in the hotspot area [10]. For
example, a new hotspot might arise after an accident owing to an
auto accident, when mobile users begin to stress the access point
by downloading and watching related news content. Deploying a
DBS over a hotspot area could significantly improve the network
performance in terms of throughput or spectrum efficiency (SE)
of user equipments (UEs) in the hotspot area [11]-[13]. Specif-
ically, Fig. 1 shows the drone assisted mobile access network
architecture, where a DBS is deployed over a hotspot area, and
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Fig. 1. The drone assisted mobile access network architecture.

so all the UEs can download their requested contents from their
macro base station (MBS) via the DBS, which acts as a relay
node to receive data from the MBS via the wireless backhaul
link and transmit data to the corresponding UEs via the wireless
access links. Here, the DBS is operated in the out-of-band
mode [14], [15]. That is, the frequency band of the backhaul
link is different from the frequency band of the access links,
thus avoiding the interference between the access link and the
backhaul link. Here, free space optical (FSO) communications
is applied as the wireless backhaul solution, and the traditional
RF communications is used as the wireless access solution. Note
that the data rate achieved by the FSO communications is much
higher than the RF communications [16], [17], and so we assume
that the bottleneck of transmitting data from the MBS to UEs via
the DBS is the wireless access links. Then, the objective of the
drone assisted mobile access network is to maximize the overall
throughput of the wireless access links between the DBS/MBS
and the UEs in the hotspot by determining the 3D position of
the DBS. Note that the overall throughput of the UEs in the
hotspot area depends on not only the overall SE between the
DBS and the UEs but also the amount of bandwidth allocated
to the UEs, where the overall SE is determined by the DBS
placement method, and the amount of bandwidth assigned to
the UEs depends on the bandwidth allocation method. The DBS
placement and bandwidth allocation problem cannot be jointly
optimized/solved because they are operating under different time
scales. That is, in the LTE network setup, bandwidth allocation
is conducted in each millisecond [18]; yet, it is impossible
and unnecessary to adjust the 3D location of a DBS in each
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the DBSs have enough energy to hover at least a predefined
time period and fly to the nearest charging station for charging
their batteries. Under the same scenario, they proposed another
2D DBS placement method to serve more UEs and generate
less interference [29] among DBSs. Lyu et al. [30] considered
the scenario with no available ground BSs in a given area, and
so DBSs have to connect to the core network via satellites.
Meanwhile, they assumed that the link between a DBS and a
UE is LoS, the altitudes of the DBSs are fixed, and all the
DBSs have the same coverage size. They derived a 2D DBS
placement algorithm to minimize the number of required DBSs,
while guaranteeing every UE in the area to be covered by at least
one DBS.

In drone assisted mobile access networks, a UE can either be
associated with the DBS or the MBS. Thus, jointly optimizing
the user association and DBS placement, which is considered
by the previous works, can potentially improve the performance
of the mobile access network. Our previous works [13], [31]
focused on the same topic. In [13], we designed a latency
aware DBS placement method to jointly optimize the horizontal
location of the DBS and the user association such that the traffic
loads of the two base stations are balanced. Yet, the altitude of the
DBS is considered to be fixed, and is thus not optimized. In [31],
we designed an SE aware DBS placement and user association
algorithm to jointly optimize the altitude of the DBS and the user
association in order to maximize the SE of the hotspot area. How-
ever, the horizontal position of the DBS is always at the center of
the hotspot, and so is not optimized. Esrafilian and Gesbert [32]
designed a joint user association and DBS placement problem
to maximize the SE of the worst UE in the area in the context
of uplink communications. However, maximizing the SE of the
worst UE is not equivalent to maximizing the overall SE of the
UEs in the area. We will provide the performance comparison
via extensive simulations in Section V.

III. SYSTEM MODEL

A hotspot area is discretized into a number of small locations
with the same size. Denote Z as the set of these locations, each
indexed by 4. Denote h as the altitude of the DBS. Meanwhile,
let I;; be the horizontal distance between location ¢ and location
i', where 1,1 € Z. Thus, the horizontal distance between the
DBS and the UEs in location ¢ is l; = ) g Totlizr, wWhere zy
is a binary variable to indicate whether the DBS is deployed
over location i’ (i.e., z# = 1) or not (i.e., zy = 0). Hence, the
3D distance between the DBS and the UEs in location ¢ can be
expressed as

d; =/ liz + h? = . Zi’el’xi,l%ﬂ + h2. 1)

A. Pathloss Model Between the DBS and a Location

The wireless propagation channel between the DBS and the
UEs in location ¢ can be divided into two scenarios, i.e., the
links between the DBS and the UEs in location ¢ with line-of-
sight (L.oS) connections and those with non-line-of-sight (NLoS)
connections [22], [33], [34]. In the NLoS scenario, UEs can
still communicate with the DBS, but suffer from much stronger

reflections and diffractions [35], [36]. The probability of having
LoS between the DBS and the UEs in location ¢ can be modeled
as [22]

RS S
pi= 1 -+ ae—B(ei"a)

1
; )
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1+ ae Qe it

where 6; (in degrees) is the elevation angle between the DBS
and location ¢, and « and S are the environmental parameters
determined by the environment of the hotspot area (e.g., rural,
urban, etc.). Thus, the average pathloss (in dB) between the DBS
and the UEs in location ¢ can be estimated as [37], [38]

4 cdi
%) + i€l 4 (1= py) €M, (3)

n{ = 20logy <

Here, 20 log(i‘f%) indicates the free space pathloss (where f.
is the carrier frequency and d; is the 3D distance between the
DBS and location ¢) and p;£1°® + (1 — p;)€'°% is the average ad-
ditional pathloss (where £/°% and £7°% are the average additional
pathloss for LoS and NLoS scenario, respectively) between the
DBS and the UEs in location i. Here, £°5 < gnlos,

B. Spectrum Efficiency Model

The UEs in location 7 can be associated with either the MBS
or the DBS in downloading their traffic. However, associating
with different base stations may incur different SEs. Here, we
provide two models to estimate the SEs of enabling the UEs to
download data from the MBS and the DBS, respectively.

1) Spectrum Efficiency Between the DBS and a Location:
Denote gf as the channel gain from the DBS to the UEs in
location i. Assume that the pathloss is the major factor to
determine the channel gain between the DBS and the UEs in
location ¢ (i.e., shadowing and fading effects are not considered).
Thus, the channel gain g¢ can be estimated by g¢ = 107
Consequently, the SE of transmitting data from the DBS to the
UEs in location 7 can be obtained by

—nd

4107
o = 1052<1 + %—)y 4
where p is the transmission power of the DBS and ¢ denotes
the noise power level.

2) Spectrum Efficiency Between the MBS and a Location:
Similarly, the SE of transmitting data from the MBS to the UEs
in location ¢ can be obtained by
pm 10171’0;

o2

@i =log | 1+ : &)

where p™ is the transmission power of the MBS and 5™ is the
pathloss from the MBS to the UEs in location 4.

C. Problem Formulation

In drone assisted mobile access networks, a DBS is placed in
a hotspot area Z to help the MBS in delivering traffic to the UEs
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the first part of the objective function, i.e.,
P3:

arg min E w;
h €A
Dover Tiliv

x | ps (glos - 671105) —201ogo
\ Lier wjld + b

st RMP < B < ATE

where a7}, is the optimal solution of P2.

1) Horizontal Location ofthe DBS: Asmentioned before, the
horizontal location of the DBS is to derive the optimal solution
of P2. Here, P2 can be transformed into

arg min log;o <H <Z mi'lii'> )

Ty

i icA \i'eZ
& arg min Z (a:,v H (lf-i’)Wi>
o veT €A
s.t. Z:L‘i/ =1,
ieT

Vi €T, wye€{0,1}.

It is easy to derive the optimal solution of the transformed

problem, i.e.,
. 1, =1 15)
Th =
¢ 0, otherwise.

where i* is the location such that the products of the distances
between the location and other locations in .4 is the minimum,
ie., ¢ = argmingeg{[seq (i)™ }-

2) Altitude of the DBS: The optimal altitude of the DBS can
be obtained by solving 3. However, it is non-trivial to solve
P3 since the objective function is neither convex nor concave.
Here, we apply the Projected Gradient Descent method [39] to
find the local optimal solution of P3. The basic idea of applying
Projected Gradient Descent to find the local optimal solution of
h is to iteratively move the value of h in the direction of steepest
descent, which is defined by the negative of the gradient of the
objective function in P3. Specifically, define f as the objective
function of P3, i.e.,

fR) =Y wi

Algorithm 1: PGD(z3).
Input: X = {z}|i' € T}.
Output: The altitude of the DBS h*.
1: Initialize A(® and step size 6.
2:  Caleulate f(h(©®) and V f(h(?) based on Eq. (16) and
Eq. (17), respectively.
do
Update A5+ based on Eq. (18);
Project h*+1) into its feasible set based on (20);
Calculate f(h*+D) and V f(R(E+D);
Calculate the step size S+ pased on (19);
while | f(R*TDY — f(RB))] > &
h* = k£,
return h*.

S AN

—_

So, the gradient of f with respect to h is expressed in Eq. (17),
shown at the bottom of this page.Z Thus, the steps of the Projected
Gradient Descent method are described as follows:

1) Pick an initial value of h, e.g., h(®) = AZLAZZ

2) For each iteration k (k > 0), update the value of h, i..,

R — pb) _ 5y £ (h“”) , (18)

where (%) and A 1) are the value of h in iteration k and
k + 1, respectively, V f(h()) is the value of the gradient
of fatpointh = h*¥) and §(*) is the step size in iteration k
(where k > 0), which is calculated based on the Barzilai-
Borwein method [40], i.e.,

R _ (k=1

5 = .
V§ (B®) =V (hG-D)

19)

3) Project the value of R*+1) into the feasible set, i.e.,
h(k_H), hmin <h< hmex
R = & pmin - p < pmin, (20)
hmax7 h > hmax'

4) The iteration continues until

() -s () e e

where ¢ is a predefined threshold.
The algorithm of applying Projected Gradient Descent to

icA derive the optimal altitude of the DBS, denoted as PGD(x}),
Y is summarized in Algorithm 1.
x | pi (flos . gnlos) - 20 108;10 e i in
\ Dver Tily + 12 A
16 2Note that Vh € [h™i®, AM2X], V f(h) always exist as long as at least one
(I6)  |ocation is associated with the DBS, i.e., Dier¥iz L
180 . : -B %"arctan(ﬁ)—a)

Lo os _gnios)e der "y il et Thli 20 h

Vi) = | 2oL €T ) Lver 9l (17)

. ~B(Warctan( N
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Fig.2. SE distribution in the hotspot area.
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associated locations, i.e., h* = Al > ica i, where h; is the 2000 T T T Lt 10
s ; s il ; A 1800 [Py
critical point of function ¢ in Eq. (3), i.e., Vn{(h;) = 0. Here, TR o E10°
. . . g ' -
77? is the average pathloss between the DBS and location i (i.e., E _ -
d zZ & 1400 %
Eq. (3)) and Vi (h) = ‘fii};. In the simulations, we will consider é% 1200 ] g
. . = O L Y 2
SMBS as the baseline method, and calculate the SE improvement 25 W
s . . g 8 10004 2
incurred by other three methods (i.e., comparing the SE of the 2 % 500 Lo E
hotspot area incurred by the SMBS to that incurred by STAR, € £
SOAP, STABLE, and CDBS, respectively). Also, to analyze the £z w g
. . Q% N
optimality of STAR, we conduct a brute-force search to find the & = Lio
¢ s 5 E] E
optimal solution of P0. In the brute-force search, the DBS is ke
04 -10°

iteratively placed over a location in a hot spot. For each location,
the altitude of the DBS is iteratively selected from A™i to hmax
with 2 m increment. For each 3D DBS placement, we calculate
the user association and the total SE of the hotspot. The optimal
3D placement of the DBS is the one that incurs the highest SE
of the hotspot.

Fig. 2 shows the 3D position of the DBS, the user association,
and the SEs of the locations in the hotspot area incurred by
SMBS, STAR, SOAP, OPT (i.e., brute-force search), STABLE,
and CDBS. STABLE and CDBS assume that the DBS is placed
at the center of the hotspot area, but with different altitudes. Since
the DBS is placed very close to the MBS and the transmission
power of the MBS is much higher than that of the DBS, STABLE
and CDBS do not improve the spectral efficiency significantly.
As shown in Fig. 2(e), by applying STABLE, only a small
number of locations are associated with the DBS. Note that a
location is associated with the DBS only if the SE is improved as
compared to the location associated with the MBS (i.e., SMBS).
Thus, the more locations are associated with the DBS, the more
improved the SE of the area can be as compared to SMBS. As
shown in Fig. 2(f), no location is associated with the DBS by
applying CDBS, and thus the spectral efficiency of the hotspot
area is not improved as compared to SMBS. On the other hand,
STAR, OPT, and SOAP generate similar DBS locations, which
are far away from the MBS to improve the SEs of the locations
that are at the edge of the hotspot area. The number of locations
associated with the DBS by applying STAR is more than by
applying SOAP, but less than by applying OPT. Fig. 3, which

CDBS

OPT

SOAP
Different methods

STABLE

Fig. 3. Total SE improvement and execution time.

shows the total SE improvement (as compared to SMBS) of the
whole hotspot area as well as the execution time of different
methods, provides more straightforward results to demonstrate
the performance. We can see that the total SE improvement
incurred by STAR is very close to OPT and much higher than
other methods. Meanwhile, the execution time of STAR is much
less than OPT (which takes more than 21 days). Although the
execution time of STAR is more than SOAP, STABLE, and
CDBS, it is feasible to implement STAR in real application
scenarios, where the location of a DBS is not frequently updated
owing to the slow hotspot movement.

Next, we analyze how the position of the hotspot area
affects the performance of different methods. We move the
hotspot area from west to east without changing its size, i.e.,
(100~700 m, 300~700 m), (125~725m,300~700m)...,
where the range of the hotspot area in the Y coordinates does not
change, but the range of the hotspot area in the X coordinates
moves 25 m to the east in each iteration. Fig. 4 shows the
total SE improvement incurred by the different methods by
varying the position of the hotspot area. Here, the values of
the X axis in Fig. 4 refers to the range of the hotspot area in
the X coordinates. Fig. 5 shows the 3D DBS position incurred
by different methods when the hotspot area is moved from west
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